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IT IS GENERALLY ACCEPTED THAT oxidative stress in the intestine is an etiological factor in the pathophysiology of several inflammation-associated disorders, such as inflammatory bowel disease and celiac disease (11, (15) (16) (17) 28) . Diet-related components may be important mediators of oxidative damage. Previous studies (9, 21) showed that iron supplements induce oxidative damage to the small intestine, owing to its catalyzing role in Fenton chemistry, which results in the production of highly reactive hydroxyl radicals. Furthermore, iron intake was associated with impairment of the barrier function of the small intestine epithelium (14) , the development of inflammation in ulcerative colitis (1, 19) , a decrease in cell turnover, shortening of microvillus height and erosions of the microvilli in the duodenum (22) , and the development of colon cancer (20, 26) . Our laboratory showed previously that a single iron dose administered directly into the small intestine induces lipid peroxidation and the release of, yet unidentified, antioxidants in the lumen of the small intestine (24) . The cellular mechanisms involved in the intestinal oxidative stress and defence responses are not clear. The rapidly evolving microarray technology provides a sophisticated method to synchronously monitor the expression of thousands of genes to obtain information about the regulation of numerous biochemical processes in the intestinal mucosa on the transcriptional level. This technique has the potential to elucidate complex biochemical or physiological pathways, such as intestinal oxidative stress and its consequences. The combination of the microarray technology with novel, invasive human intervention models, applied in the present study, provides a unique and valuable tool to investigate nutrient-gene interactions in vivo in the human intestine.
The present study aimed to assess iron-induced oxidative damage and the antioxidant response in the human small intestine in vivo after administration of commonly used iron substitution dosages and to determine the effects of this intestinal oxidative stress on transcriptome profiles in the small intestine.
MATERIALS AND METHODS

Subjects
Eight healthy nonsmoking volunteers [22 yr(SD2), 7 men, 1 woman] without a history of gastrointestinal disorders participated in the study. Volunteers were free of medication and in good physical health. All subjects gave their written, informed consent before participation. The study protocol was approved by the Ethics Committee of the University Hospital Maastricht, Maastricht, The Netherlands.
Protocol
This study was designed to conform to a randomized crossover design. Each subject was tested on 2 separate days. On each test day, tissue samples from the duodenum were obtained before and after small intestinal perfusion experiments. On each day, one iron dosage was administered directly into the duodenum through a perfusion catheter, as described below. In the intestinal perfusion experiments, intestinal fluid samples were obtained at 15-min intervals during saline perfusion as baseline samples and during the subsequent iron perfusion.
After an overnight fast, baseline duodenal biopsies, taken by standard forceps in the proximal horizontal part of the duodenum (15 cm distally from the pylorus), were obtained by gastroduodenoscopy. All gastroduodenoscopies were performed without giving any kind of sedatives to the subjects. Biopsies were imbedded in tissue-tek (Electron Microscopy Sciences, Washington, PA), snap-frozen in melting isopentane and liquid nitrogen, respectively, and stored at Ϫ80°C until analysis. After obtaining the mucosal samples, a guide wire was inserted with the distal tip positioned about 60 cm distally from the pylorus, facilitated by the duodenoscopy. After retraction of the endoscope, a double lumen perfusion catheter (home made from PVC tubing, inner diameter 2.5 mm, outer diameter 4 mm) was inserted over the guide wire into the proximal small intestine with the tip of one lumen, which served as an injection port, located in the proximal descending duodenum and the tip of the second lumen, with three small holes in the last 3 cm to serve as a sample port, located 40 cm distally from the injection port. After being positioned, the guide wire was removed. The whole procedure was performed under shortinterval fluoroscopic control. To check positioning of the injection port in the duodenum throughout the experiment, intraluminal pH was continuously measured at 5 cm proximal of the injection port by a pH electrode (Single Crystal Antimony Multi-Use pH Catheter, Synectics Medical, Queluz, Portugal). The 40-cm segment of the proximal small intestine was perfused with saline at 10 ml/min using a peristaltic pump for 195 min to obtain steady-state conditions. After reaching steady state, either 80 or 400 mg of iron as ferrous gluconate dissolved in 300 ml saline was perfused. The iron solutions were perfused over a 30-min period. Finally, saline was perfused for another 60 min. All in-going solutions were kept on 37°C in a water bath. Throughout the perfusion experiment, intestinal fluid samples were obtained continuously using the lever properties of the catheter. After the initial 180-min adaptation period, intestinal fluid was levered through the sample lumen into a beaker placed in melting ice. Intestinal fluids were pooled over 15-min intervals and stored at Ϫ80°C until analysis.
Fifteen minutes after the perfusion experiment, the perfusion catheter was removed and a second gastroduodenoscopy was performed to obtain tissue samples from the same intestinal region after the iron challenge. These tissue samples were obtained 3-4 cm distally from those taken in the morning. The exact position of the tissue sampling in the morning was achieved by visual inspection of the gut mucosa. A red color from the mucosa, different from the surrounding tissue, showed the exact position of earlier tissue sampling. The entire protocol was repeated on another day, ϳ2 wk after the first experiment, to investigate the effects of the other iron dosage. The administration of both dosages was in random order.
Gene Expression Analysis
Gene expression profiles were determined in all tissue samples. Histological staining was done in a subset of the samples to check the composition of the samples. The mucosal tissue samples contained epithelium from several intestinal villi and also lamina propria. Total RNA was isolated from each tissue sample, and RNA quality was assessed by SDS-PAGE gel electrophoresis. After quality check, only tissue samples from five subjects provided good-quality RNA. The tissue samples from three subjects were excluded from the microarray analyses. For budget reasons, the RNA samples from the remaining five subjects, all men, were randomly allocated to one of two pools. Samples from two subjects were pooled in pool 1, and samples from three subjects were pooled in pool 2. On each pooled sample, a microarray analysis to determine gene expression profiles was carried out. Samples were obtained before and immediately after the intestinal perfusion with a low or a high iron dosage, as described above.
cRNA Preparation and In Vitro Transcription
Ten micrograms of total RNA was used as starting material for the cDNA preparation. The first-and second-strand cDNA synthesis was performed using the SuperScript II System (Invitrogen) according to the manufacturers instructions except using an oligo-dT primer containing a T7 RNA polymerase promoter site. Labeled cRNA was prepared using the BioArray high-yield RNA transcript labeling kit (Enzo, Farmingdale, NY). Biotin-labeled CTP and UTP (Enzo) were used in the reaction together with unlabeled NTPs. After the in vitro transcription (IVT) reaction, the unincorporated nucleotides were removed using RNeasy columns (Qiagen).
Array Hybridization and Scanning
Fifteen micrograms of cRNA was fragmented at 94°C for 35 min in a fragmentation buffer containing (in mM) 40 Tris-acetate (pH 8.1), 100 KOAc, and 30 MgOAc. Before hybridization, the fragmented cRNA in a ϫ6 SSPE-T hybridization buffer [1 M NaCl, 10 mM Tris (pH 7.6), 0.005% Triton] was heated to 94°C for 5 min and subsequently to 45°C for 5 min before loading onto the Affymetrix HG U133A probe array cartridge. The probe array was then incubated for 16 h at 45°C at constant rotation (60 rpm). The washing and staining procedure was performed in the Affymetrix Fluidics Station. The probe array was exposed to 10 washes in ϫ6 SSPE-T at 25°C followed by 4 washes in ϫ0.5 SSPE-T at 50°C. The biotinylated cRNA was stained with a streptavidin-phycoerythrin conjugate, final concentration 2 mg/ml (Molecular Probes, Eugene, OR) in ϫ6 SSPE-T for 30 min at 25°C, followed by 10 washes in ϫ6 SSPE-T at 25°C. Subsequently, an antibody amplification step was performed, using normal goat IgG as blocking reagent, final concentration 0.1 mg/ml (Sigma, Copenhagen, Denmark), and biotinylated anti-streptavidin antibody (goat) to obtain a final concentration of 3 mg/ml (Vector Laboratories, Burlingame, CA). This was followed by a staining step with a streptavidin-phycoerythrin conjugate, final concentration 2 mg/ml (Molecular Probes, Eugene, OR), in ϫ6 SSPE-T for 30 min at 25°C, and 10 washes in ϫ6 SSPE-T at 25°C. The probe arrays were scanned at 560 nm using a confocal laser-scanning microscope (Hewlett Packard GeneArray scanner G2500A). The readings from the quantitative scanning were analyzed with the Affymetrix gene expression analysis software. All microarray data are publicly available on the ArrayExpress website, as described in RESULTS. Each gene reporter on the U133A chip was represented by 11 pairs of 25-mer oligodeoxyribonucleotide probes. Each probe pair consists of a perfect-match oligonucleotide that precisely matches the gene sequence and a mismatch oligonucleotide that differs only in one single nucleotide mismatch in the center position. The data from the different sets of probe pairs were used to perform the statistical analyses. For comparison from array to array, all signal data from the quantitative readings were scaled to a global intensity of 150, as previously published (4, 23) .
The signal intensities from the microarrays were scaled and further analyzed using the Affymetrix Microarray Suite version 5.0 software (Affymetrix, Santa Clara, CA). Relative mRNA changes between microarrays were expressed as differences or delta compared with baseline samples for the 80-and 400-mg iron challenge, respectively. The definition of increase, decrease, or no change of expression for individual gene reporters was based on P values of the comparisons of the normalized signal intensities, with P Ͻ 0.05 as cutoff for change calls. Gene reporters that were either up-or downregulated in the same direction in both pools were further investigated. If the expression of a gene reporter was increased in one pool while it did not change or decrease in the other pool, it was assumed that the gene expression was not mediated by the iron interventions. Likewise, only those gene reporters that were mediated in the same direction by both the low-and the high-iron dosage interventions were further investigated.
To allow functional mapping of expression profiles, the annotation of individual probes with the Swissprot [http://us.expasy.org/sprot/ sprot-top.html (5)] database identification (ID) for the corresponding protein was used. Using these IDs, expression changes for each of the four pooled samples were studied using functional MicroArray pathway profiles (MAPPs) available from the GenMapp initiative (http:// www.genmapp.org/) with GenMapp version 1.0 beta software (7) . MAPPs generated from the Gene Ontology database [http://www. geneontology.org/ (6)], the G-Protein Coupled Receptor Database (http://www.gpcr.org/), plus a small number of MAPPs based on the KEGG database (http://www.genome.ad.jp/kegg/) and MAPPs specifically designed for GenMapp (so called local MAPPs) were used. MappFinder software was used to select the MAPPs with relatively high numbers of differentially expressed gene reporters with a fold change of at least 2.3, as was indicated by the individual Z-scores. The Z-score increases when relatively higher numbers of changing gene reporters relative to the number of genes present on the MAPP that are represented on the array are found on MAPPs. MAPPs were selected for further study when all four samples reached an arbitrary Z-score of at least 1 on that MAPP.
Real-time PCR. To validate the observed mRNA changes from the microarray analyses, real-time PCR was performed on seven genes. cDNA was synthesized from single samples previously analyzed on GeneChips. The microarray gene reporter expression profiles of the seven genes, with Unigene cluster IDs nm_005410, nm_001924, nm_002306, nm_005118, nm_00075, nm_003355, and nm_003056, were compared with real-time PCR. For this purpose, real-time PCR measurements were done in the pooled samples that were also used for the microarray experiments. Additionally, real-time PCR analyses were carried out on all individual samples. Reverse transcription was performed using Superscript II RT (Invitrogen). 1 g of total RNA and 3 l of 150 pmol/l random nonamer-primer in a total volume of 12 l was incubated 4 min at 70°C and chilled on ice. After adding 4 l of first-strand buffer (from supplier), 2 l of DTT (0.1 M), 1 l of dNTP mix (10 mM), and 1 l of SuperScript RT II (200 U/l), the reaction was incubated 1 h at 45°C and finally for 15 min at 70°C. The cDNA was diluted 1:20 for use in real-time PCR. Real-time PCR analysis was performed on selected genes using primers, designed with PrimerExpress software from Applied Biosystems. Triple determinations were performed on ABI PRISM 7000 sequence detection system using the SYBR Green PCR Master Mix (Applied Biosystems). The PCR reaction consisted of 12.5 l of SYBR Green PCR Master Mix, 300 nM of forward and reverse primers, and 2.0 l of 1:20 diluted template cDNA in a total volume of 25 l. The reaction was thermocycled using the default settings of "ABI Prism 7000 SDS Software 1.0": 2 min at 50°C, 10 min at 95°C, followed by 40 rounds of 15 s 95°C and 1 min at 60°C. A dissociation protocol was added after thermocycling, determining dissociation of the PCR products from 65 to 95°C. All samples were normalized to GAPDH, as was applied previously (4).
Biochemical Analysis of Intestinal Fluid Samples
Thiobarbituric acid-reactive substances assay. The determination of thiobarbituric acid-reactive substances (TBARS) was based on the formation of a coloured adduct of malondialdehyde with 2-thiobarbituric acid. A 100-l sample was added to 900 l of a reagent [containing 0.12 M 2-thiobarbituric acid, 0.32 M O-phosphoric acid, 0.68 mM butylated hydroxytoluene, and 0.01% (mass/vol) EDTA]. The mixture was incubated for 1 h at 100°C in a water bath. After cooling, the malondialdehyde products were extracted with 500 l of butanol. Thirty microliters of the butanol layer was injected on a HPLC system (Agilent, Palo Alto, CA), equipped with a fluorescence detector, set on excitation wavelength of 532 nm and emission wavelength of 553 nm, and a Nucleosil C18 column, 150 ϫ 3.2 mm, particle size 5 m (Supelco). Samples were eluted with 65% (vol/vol) 25 mM phosphate buffer pH 4.8, 35% (vol/vol) methanol. A calibration curve was constructed using malonaldehyde bis(diethylacetal) as standard.
Antioxidant capacity assay. The antioxidant capacity assay was carried out as described previously (3) with some modifications. The 2,2Ј-azinobis(3-ethylbenzothiazoline 6-sulfonate) (ABTS) radical was produced by incubating a solution of 0.23 mM ABTS and 2.3 mM 2,2Ј-azobis(2-amidinopropane)dihydrochloride (ABAP) in 100 mM sodium phosphate buffer (pH 7.4) at 70°C until the absorption of the solution at 734 nm was between 0.680 and 0.720. Deproteination was obtained by mixing the sample with an equal volume of a solution of 10% (wt/vol) trichloro-acetic acid. In the reaction of antioxidants with the blue/green ABTS radical, the blue-green color disappears. This decolorization after 5 min was determined spectrophotometrically at 734 nm. The reduction in absorbance is related to that of trolox, a synthetic, hydrophilic vitamin E analog, which gives the troloxequivalent antioxidant capacity (TEAC) value. The TEAC value was calculated as molar trolox equivalents of the sample.
Statistics
Statistical analyses of the scaled microarray data were performed with the Affymetrix Microarray Suite version 5.0 software package, applying Wilcoxon's signed rank tests to detect differences between arrays. Time effects of malondialdehyde and TEAC within each iron intervention, compared with baseline values obtained at time ϭ 0, were investigated with repeated-measuresANOVA. Significant time differences were located with Scheffé's post hoc analyses, including Bonferroni correction for multiple comparisons. Univariate ANOVAs were used to assess differences between the two iron dosages. Differences were regarded as significant if P Ͻ 0.05.
RESULTS
Gene Expression
All array data are publicly available on the ArrayExpress website (http://www.ebi.ac.uk/arrayexpress/) and can be accessed by logging in to the system with username "e-mexp-325" and password "6iud2ebi." After normalization of the microarray signals, 8,542 gene reporters showed a significant expression in both pools at baseline. Another 476 gene reporters were marginally expressed according to the Affymetrix default cutoff values, whereas the remaining 13,271 reporters were not expressed in the duodenal tissue samples.
The microarray analyses showed that the expressions of 89 gene reporters were consistently increased or decreased compared with baseline by both iron challenges in both pools; 28 gene reporters were increased (Table 1) , whereas 61 gene reporters were decreased (Table 2) .
Mapping the individual gene reporters to shared biological pathways using MAPPFinder software revealed that, considering the biological processes observed in both pools, six biological processes were mediated by both iron dosages. Three of those six processes involved G-protein-coupled receptors (GPCRs), whereas the other three processes were associated with complement activation, calcium channels, and cell cycle. The processes, which were mediated by the two interventions in both sample pools, are listed in Table 3 . Table 3 shows the smallest number of gene reporters mediated by any pool in any intervention. Furthermore, it shows the number of gene reporters involved in each process, which were represented on the microarray chip, and the total number of genes involved in each process, which was defined by the databases described in METHODS.
Real-time PCR analyses of seven randomly selected genes showed good similarity with microarray analyses of the same genes, considering the direction of changes in gene reporter profiles following the iron interventions ( Table 4 ). The realtime PCR measurements on individual samples showed that the results from the pooled samples represented those of most individual samples (Table 5 ). For six of the selected genes, all individual results showed a unidirectional response to the iron challenges, which was in agreement with the results from the pooled samples. The real-time PCR data from one volunteer did not show the same direction of response to the iron challenges (gene NM_003355, pool 1, subject 1; Table 5 ) compared with the pooled samples. Processes most strongly mediated by the 2 iron interventions in both pools are identified by Mappfinder, as described in MATERIALS AND METHODS. The middle column shows which database was used for the identification of the biological pathway. The number of mediated gene reporters that changed more than 2.3-fold by both iron interventions in both pools, the total number of genes involved in each process and represented on the microarray chips (HG U133A), and the total number of genes involved in each process as specified by the consecutive databases are listed in the right column. GPCR, G-proteincoupled receptor; MAPP, MicroArray pathway profiles.
TBARS and TEAC
To check steady-state conditions, TBARS and TEAC were measured at 30 and 15 min and immediately before iron perfusion was started. TBARS concentrations were 0.06, 0.06, and 0.20 M, and TEAC values were 577, 520, and 597 at 30, 15, and 0 min before starting the 80-mg iron perfusion, respectively. Before the 400-mg iron perfusions were started, the TBARS concentrations were 0.33, 0.29, and 0.40 M and the TEAC values were 822, 819, and 806 M, respectively, at 30, 5, and 0 min before iron perfusion, showing that TBARS and TEAC values were, indeed, in a steady state.
The TBARS concentration in intestinal fluid samples after administration of 80 mg of iron increased significantly from 0.2 M(SD0.16) at baseline to 2.9(SD1.2), 2.3(SD1.5), and 2.4 M(SD1.4) at 30, 45, and 60 min, respectively, after the start of the iron perfusion (P Ͻ 0.0001). The TBARS concentration after administration of 400 mg of iron increased significantly from 0.4 M(SD0.5) at baseline to 3.8(SD1.1), 4.1(SD1.4), and 3.8 M(SD1.5) at 30, 45, and 60 min after the start of the iron perfusion (P Ͻ 0.001). Univariate ANOVA showed that TBARS production after administration of 400 mg of iron was significantly higher compared with 80 mg of iron (P Ͻ 0.001; Fig. 1) .
The TEAC concentration after administration of 80 mg of iron increased from 597 M(SD187) at baseline to 1,032 M(SD609) at 30 min after the start of the iron perfusion. Statistical analysis did not detect an overall time effect. The TEAC concentration after administration of 400-mg iron intervention increased significantly from 806 M(SD293) at baseline to 1,889(SD635) and 1,490 M(SD413) at 30 and 45 min, respectively, after the start of the iron perfusion (P Ͻ 0.05).
Univariate ANOVA showed that TEAC after administration of 400 mg of iron was significantly higher than after 80 mg of iron (P Ͻ 0.001; Fig. 2) .
DISCUSSION
In the present study, a recently developed intestinal perfusion protocol was combined with microarray technology to study nutrient-gut and nutrient-gene interactions in the human RT-PCR analysis of selected genes and microarray data are from the same genes. Data are expressed as fold changes compared with baseline. The first column (1 L) shows the gene expression data from pool 1 after administration of the low dosage of iron compared with baseline; column 1 H shows data from pool 1 after administration of the high iron dosage. 2 L and 2 H columns show the data from pool 2 after administration of the low and high iron dosage, respectively. RT-PCR analysis of selected genes on pooled (pool 1 and pool 2, respectively) and individual samples from each subject. Data, which are normalized to GAPDH, are expressed as fold changes compared with baseline. L, changes in gene expression induced by administration of the low iron dosage; H, changes in gene expression induced by administration of the high iron dosage. small intestine to synchronously investigate several intestinal responses to luminal oxidative challenges provoked by different iron dosages. Acute exposure of the proximal small intestine to either a low or a high dosage of ferrous iron induced dose-dependent lipid peroxidation in the intestinal lumen and a synchronous increase in luminal antioxidant capacity. These parameters were measured in intestinal fluid samples from all eight volunteers, in contrast to the microarray analyses, which were done on the samples from five volunteers. The mean TBARS and TEAC values from all eight volunteers did not change in only the five volunteers that were included in the microarray measurements (data not shown). The acute, singledose, iron challenges mediated gene expression of a number of gene reporters. Both iron interventions strongly affected at least six distinct biological pathways on the transcriptional level.
We recently showed that perfusion of a 40-cm duodenum segment with 80 mg of iron as ferrous sulfate induced lipid peroxidation and the release of an unknown antioxidant. The rise in antioxidant capacity following iron ingestion was not caused by ex vivo TBARS formation during the analytical assay, cell lysis of epithelial cells, glutathione, uric acid, or vitamin C and was of nonprotein origin (24) . The present study, applying ferrous gluconate, confirmed the catalyzing effects of ferrous iron administration in the small intestine to induce oxidative damage and the release of antioxidants into the intestinal lumen. At baseline, during the initial saline perfusion, TBARS were only marginally present. After ingestion of either the low or the high iron dosage, TBARS concentrations increased in a dose-dependent manner. This increase was accompanied by a similar dose-dependent increase in TEAC. In the view of the highly diluted intestinal fluid with the saline solution used for perfusion of the intestinal segment, the TBARS and TEAC concentrations were very high; all samples consisted mainly of the in-going saline solution mixed with small amounts of intestinal secretions. This indicates that the iron administration resulted in powerful antioxidant responses. In an attempt to identify the origin of the antioxidant response, NMR spectra from samples with high and low antioxidant capacity were taken. Although differences between spectra were observed, it was not possible to identify the compound(s) responsible for these differences (data not shown).
The oligonucleotide microarray enabled one to simultaneously monitor the expression in vivo of more than 20,000 gene reporters. Among numerous processes that were slightly mediated by the iron interventions, six distinct processes were strongly regulated, as listed in Table 3 . Three of these six processes involved GPCRs. However, two of these three processes were identified using the GPCRDB database, whereas one was identified by local MAPPS, as was described in METHODS. We cannot exclude that some gene reporters were attributed to one process in the GPCRDB database and at the same time to the GPCR process identified by local MAPPS, hence causing an overestimation of the genes involved in GPCR-associated processes. However, from the results, it is clear that GPCRs were strongly mediated by the iron interventions. GPCRs comprise the largest superfamily of proteins in the body. Ligands for these receptors are biogenic amines, peptides, glycoproteins, lipids, nucleotides, ions, and proteases. All GPCRs are able to recruit and regulate the activity of intracellular G proteins, which regulate a large array of intracellular processes (13) . The observation that GPCRs were regulated by iron-induced oxidative stress may indicate a yet unknown function of G-protein-associated processes in response to cellular stress. The observation that complement activation is regulated by the iron administrations suggests that the iron-induced oxidative damage triggered immune activation in the duodenal mucosa. Complement activation has previously been associated with mucosal damage in ulcerative colitis (25) , whereas it was also established that mucosal damage owing to autologous complement activation can be prevented by endogenous regulatory mechanisms (2) . Furthermore, it was shown that intestinal epithelial cells are able to produce components of complement activation and that this production can be mediated by cytokines in the intestinal epithelium (2) . Increased activation of complement activation, as observed in the iron perfusion experiments, may induce complement-induced damage. Future studies will need to elucidate the consequences of complement activation in duodenal mucosa. The functional role of the cell cycle-and calcium channel-related processes, which were affected by the iron interventions, is not yet described to our knowledge and needs to be elucidated. Interestingly, it was shown that mice fed a low-selenium diet, which is a trace mineral with antioxidant properties, appeared to have an increased activation of genes involved in cell cycle control (18) . This suggested that selenium mediates cell cycle control, which may account for its anti-tumorigenic properties. The present observation that cell cycle was mediated by iron-induced oxidative stress suggests that this process mediates the initiation of carcinogenesis if the oxidant/antioxidant balance is disturbed.
Genes involved in the regulation of iron absorption mechanisms have drawn the attention of many investigators, especially in the view of their causal role in the pathogenesis of hereditary hemochromatosis. Several proteins are involved in the direct regulation of iron uptake from the duodenal lumen. Divalent metal transporter 1 (DMT1), a transmembrane transporter for divalent metals, including ferrous iron, plays an important role in the absorption of iron from the gut lumen into enterocytes, whereas ferroportin1 is a transmembrane iron exporter molecule involved in the basolateral iron transport from enterocytes into the circulation. In a recent study in mice (8) , iron supplementation for 2 wk downregulated the levels of transcripts of DMT1, ferroportin1, and transferrin receptor 1, whereas feeding an iron-deficient diet resulted in an increase of these transcripts. Furthermore, duodenal gene expression of an iron-responsive element splice variant of DMT1 was significantly downregulated 1 h after intragastric iron administration in rats (10) . In the present study, we showed that the gene expression of DMT1 and transferrin receptor 1 tended to decrease by ϳ25% in both sample pools following administration of the low and the high iron dosage into the duodenum, although these gene reporters were not regarded as significantly changed after statistical analysis. Unfortunately, ferroportin1 was not represented on the gene chip. Our findings contribute to the ongoing debate of the precise regulation of intestinal iron absorption. It is commonly acknowledged that high iron levels in the enterocytes downregulate DMT1 expression (10) . The finding of the present study that acute iron ingestion may downregulate DMT1 and transferrin receptor 1 expression suggests that intestinal iron concentrations directly mediate transcription of these proteins, as was shown previously only for DMT1 expression (10, 29) .
The genome-wide microarrays used yield information about the expression of a myriad of gene reporters. The major advantage of this technique is the ability to synchronously monitor many biological processes. However, the present study design has some drawbacks. The duodenal mucosal tissue samples comprised a variety of mucosal and submucosal cell types. Changes in gene expression that only occur in one cell type were, therefore, diluted by the presence of other cell types and, hence, may not have reached significance. In addition, gene expression levels differ between individuals. Pooling samples from different volunteers and the inclusion of only those gene reporters that were affected by both the low and the high iron dosage in both pools for further analysis, as was applied in the present investigation, reduced the effects of inter-and intra-individual variations in gene expression. We cannot exclude, however, that, using this approach, some relevant gene reporters that were mediated by the iron interventions were erroneously excluded from further analyses. On the other hand, the procedure followed to identify iron-mediated biological pathways ensured that the study results reveal the most important, strongest mediated processes.
Finally, the microarray assay itself could have induced false-positive signals due to cross-hybridization or nonspecific binding to the probe pairs. This seems highly unlikely in the view of previously published studies in which the data of Affymetrix microarray chips were successfully compared with real-time PCR analyses (12, 27) . In the present study, we also confirmed the microarray data of seven genes that were mediated by the iron interventions with real-time PCR analyses. Table 4 shows that the changes in gene expression profiles in both pools after both iron interventions were roughly the same, either applying real-time PCR or microarray analyses. Some differences between the two methods were present, as can be observed from the results of gene nm_005118. Real-time PCR analysis showed a 13.53-fold change in the expression of this gene reporter, whereas microarray analysis showed only a 2.05-fold change in expression. This difference may be attributed to the low baseline level of this gene, which is a common concern in the interpretation of microarray results (12), especially if results are expressed as fold change. Because all real-time PCR data show the same direction in changes in gene expression profiles, we assume that the microarray data provide valid gene expression profiles for all gene reporters. We investigated the effects of pooling different samples on the outcome of the gene expression analysis by running real-time PCR analyses on seven genes in all individual samples and subsequently comparing those results with the results from the pooled samples. We showed that the results from the pooled samples represented unidirectional changes in almost all cases. Only the real-time PCR data from one gene, measured in one volunteer, were not in agreement with the results observed in the pooled samples. Overall, the pooling strategy seemed a successful approach as representation of individual responses in most gene reporter analyses.
It was not possible to establish the functional consequences of the regulation of the processes identified in Table 3 . The impact of the iron interventions on gene expression profiles differed between the two pools, owing to biological, interindividual variation. Future studies to the functional consequences of changes in the gene expression profiles, as identified in this study, will have to be designed to determine the biological impact of the present study.
This study showed that iron administration in the human small intestine induced lipid peroxidation, and a rise in antioxidant capacity of the small intestinal secretions, in a dosedependent fashion. Both iron dosages mediated the expression of many gene reporters, indicating that the novel approach to study nutrient-gut interactions was successful to detect many transcriptional changes. Hence, the applied technique offers a unique method to study effects of a single dietary component on transcriptome profiles in healthy individuals as well as in patients. Besides considerable inter-and intra-individual differences in gene expression profiles, we identified six processes that appeared to be strongly and consistently regulated by iron administration or iron-induced oxidative stress in the small intestine. Further studies are needed to establish the functional consequences of acute and chronic iron administration and oxidative stress in the human small intestine.
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